The mechanisms that integrate genetic and environmental information to coordinate the expression of complex phenotypes are little understood. We investigated the role of two protein kinases (PKs) in the population density-dependent transition to gregarious behavior that underlies swarm formation in desert locusts: the foraging gene product, a cGMP-dependent PK (PKG) implicated in switching between alternative group-related behaviors in several animal species; and cAMP-dependent PK (PKA), a signal transduction protein with a preeminent role in different forms of learning. Solitarious locusts acquire key behavioral characters of the swarming gregarious phase within just 1 to 4 h of forced crowding. Injecting the PKA inhibitor KT5720 before crowding prevented this transition, whereas injecting KT5823, an inhibitor of PKG, did not. Neither drug altered the behavior of long-term gregarious locusts. RNAi against foraging effectively reduced its expression in the central nervous system, but this did not prevent gregarization upon crowding. By contrast, solitarious locusts with an RNAi-induced reduction in PKA catalytic subunit C1 expression behaved less gregariously after crowding, and RNAi against the inhibitory R1 subunit promoted more extensive gregarization following a brief crowding period. A central role of PKA is congruent with the recent discovery that serotonin mediates gregarization in locusts and with findings in vertebrates that similarly implicate PKA in the capacity to cope with adverse life events. Our results show that PKA has been coopted into effecting the wide-ranging transformation from solitarious to gregarious behavior, with PKAmediated behavioral plasticity resulting in an environmentally driven reorganization of a complex phenotype.
The mechanisms that integrate genetic and environmental information to coordinate the expression of complex phenotypes are little understood. We investigated the role of two protein kinases (PKs) in the population density-dependent transition to gregarious behavior that underlies swarm formation in desert locusts: the foraging gene product, a cGMP-dependent PK (PKG) implicated in switching between alternative group-related behaviors in several animal species; and cAMP-dependent PK (PKA), a signal transduction protein with a preeminent role in different forms of learning. Solitarious locusts acquire key behavioral characters of the swarming gregarious phase within just 1 to 4 h of forced crowding. Injecting the PKA inhibitor KT5720 before crowding prevented this transition, whereas injecting KT5823, an inhibitor of PKG, did not. Neither drug altered the behavior of long-term gregarious locusts. RNAi against foraging effectively reduced its expression in the central nervous system, but this did not prevent gregarization upon crowding. By contrast, solitarious locusts with an RNAi-induced reduction in PKA catalytic subunit C1 expression behaved less gregariously after crowding, and RNAi against the inhibitory R1 subunit promoted more extensive gregarization following a brief crowding period. A central role of PKA is congruent with the recent discovery that serotonin mediates gregarization in locusts and with findings in vertebrates that similarly implicate PKA in the capacity to cope with adverse life events. Our results show that PKA has been coopted into effecting the wide-ranging transformation from solitarious to gregarious behavior, with PKAmediated behavioral plasticity resulting in an environmentally driven reorganization of a complex phenotype.
phase change | phenotypic plasticity | Schistocerca gregaria H ow genetic information is integrated with environmental cues to control and coordinate complex phenotypes is a fundamental question in biology (1, 2) . Environmental input can cause concerted changes in multiple traits to produce distinct phenotypic syndromes that are adaptive in particular conditions. Phase polyphenism in desert locusts (Schistocerca gregaria) is an extreme example. Locusts can reversibly transform between a solitarious phase and a gregarious phase that differ profoundly in morphology, physiology, and behavior (3) (4) (5) . Solitarious locusts occur at low population densities and actively avoid conspecifics; they are cryptic in appearance and behavior; walk with a slow, creeping gait; and have restricted dietary preferences. The gregarious phase is characterized by increased activity and locomotion, an upright posture and gait, aposematic coloration, a broad dietary range, and, most critically, attraction to other locusts. Phase change is driven by huge changes in population density and is an adaptation to arid habitats where rains are infrequent and erratic. Transitory periods of verdure support rapid population growth, but after the rains cease, large numbers of solitarious locusts compete for dwindling patches of resources (6, 7) . The resultant crowding causes a rapid transition to gregarious behavior by exposing solitarious locusts to specific sensory stimuli from conspecifics: repeated touch to the hind femur and the combination of visual and olfactory cues (8-10). Gregarious behavior ensures further exposure to other locusts and thereby sets up a positive feedback loop that drives further phenotypic changes accruing over the locusts' lifetimes and even across generations. This behavior is also what makes locusts notorious pests, as highly mobile groups of gregarized locusts can further coalesce to escalate into enormous swarms that devastate crops and pastures.
Knowledge about the extensive differences in gene expression between the fully established phases has increased dramatically in recent years, but the molecular mechanisms that switch between the two extreme phenotypes have yet to be fully established (11) (12) (13) . The discovery of a central role for the biogenic amine serotonin [5-hydroxytryptamine (5-HT)] in inducing behavioral gregarization (14) suggests parallels with mechanisms underlying classical forms of neuronal and behavioral plasticity (15) . In solitarious locusts, gregarizing stimuli cause an increase in 5-HT in the thoracic ganglia, but with prolonged crowding, 5-HT decreases to lower than solitarious levels (16) . This indicates that, after induction, gregariousness is maintained by other means, echoing the transient role of 5-HT in classical forms of learning. Aminergic signaling has since been confirmed as central to behavioral phase change in the migratory locust (Locusta migratoria); in this insect, which is only distantly related to Schistocerca, 5-HT appears to act in synergy with dopamine (12) .
A prominent effector mechanism in aminergic signaling is via adenylyl cyclase, resulting in the activation of cAMP-dependent protein kinase [protein kinase A (PKA)] (17) (18) (19) (20) . Adenylyl cyclase/PKA signaling plays a central role in diverse forms of plasticity, including reflex sensitization, contextual fear conditioning, appetitive and aversive conditioning, and addiction (17, 18, (21) (22) (23) (24) (25) . PKA can phosphorylate both key proteins of the existing neuronal machinery (e.g., ion channels and synaptic proteins) to effect rapid but labile changes in behavior, and regulators of gene expression to effect changes that are slower but long-lasting. PKA is therefore potentially well placed to enact both the rapid and long-term effects of gregarizing stimuli. cGMP-dependent protein kinase [protein kinase G (PKG)] has similarly wide roles in neural and behavioral plasticity (26) . In Drosophila, larvae that carry a "rover" allele of the foraging gene (for activity and move longer distances while feeding compared with for s -homozygous "sitters" (27) . Sitters and rovers differ in nutrient uptake and feeding strategy, in their metabolic and transcriptional responses to the nutritional environment, in learning and memory formation, and more (28) (29) (30) (31) . In eusocial insects, activation of PKG can switch workers between tasks according to the nutritional needs of the colony (32) (33) (34) . A fundamental question is whether such strong pleiotropy presents an adaptive and possibly conserved mechanism for orchestrating many traits to tailor the phenotype to one of two alternative lifestyles. Rearing Drosophila larvae at high densities selects for rovers (35) , suggesting that the polymorphism buffers against fluctuations in population density and resource distribution. Phase change in locusts is a prime example of a nexus between the social and the nutritional domain, with intraspecific competition for ephemeral resources driving the transition to group living and foraging. The brains of long-term gregarious locusts contain more PKG activity than those of solitarious locusts (36) , raising the possibility that the locust orthologue of for has been coopted into controlling behavioral phase state. Here we investigated whether PKA or PKG modulate the propensity of locusts to acquire and express gregarious behavior.
Results
Inhibition of PKA Interferes with Behavioral Gregarization. Solitarious desert locusts acquire key behavioral characters of the gregarious phase within less than 4 h of crowding (14, 37) . To test for a role for PKA activity in this transition, we injected solitarious locusts (n = 23) with KT5720, a staurosporine/K525-type inhibitor that competes for the ATP-binding site on the PKA catalytic subunits (38) . Matched control locusts were injected with only the vehicle (n = 22). To test for a role for PKG activity, we injected a separate cohort with KT5823 (n = 25), an ATP-competitive K525-type inhibitor of PKG (38) , or vehicle alone (n = 26). After injection, locusts in all four treatment groups were crowded for 1 h with 30 gregarious locusts and then observed individually in an arena, which contained a group of 30 locusts behind a perforated Perspex partition at one end (37) . One hour of crowding was chosen because the effect of inhibitors injected into the hemolymph may wear off over longer periods (39) . An established binary logistic regression model comprising four behavioral variables (14) (SI Appendix, 4.1) was used to estimate each locust's propensity for gregarious behavior, which can be expressed as either the probability or the odds that a locust behaved gregariously. Probabilities (P greg ) range from 0 (i.e., fully solitarious) to 1 (i.e., fully gregarious), whereas odds range from 1:∞ to ∞:1 and are more amenable to parametric statistical analysis when log-transformed (log-odds or logits; SI Appendix, Fig. S1 ).
As expected, control-injected locusts were very likely to behave gregariously in the two experiments [median P greg (Pg reg ) = 0.712 and 0.747 in the KT5823 and KT5720 cohorts, respectively; Fig. 1A and SI Appendix, Fig. S1A ]. Locusts injected with KT5823 were as likely to show gregarious behavior as their matched controls (Pg reg = 0.723; t 49 = 0.5964, P = 0.554), but those injected with KT5720 remained much more solitarious (Pg reg = 0.358; t 43 = −3.0044, P = 0.00443). These results suggested that activation of PKA is critical for the transition to gregarious behavior. However, this experiment did not address whether PKA or PKG activity is required for the continued manifestation of gregariousness after the initial transition has occurred. Furthermore, we needed to rule out that KT5720 had a nonspecific toxicity that caused pseudosolitarious behavior. We therefore repeated the experiment on long-term gregarious locusts ( To confirm that locust PKA was inhibited by KT5720 but not by KT5823, we measured PKA activity in brain homogenates in the presence of 0 to 50 μM KT5720 or KT5823 (Fig. 1C) . KT5720 resulted in a potent concentration-dependent inhibition (t = −4.717, P = 2.65 × 10 −5 ), whereas KT5823 had no effect (t = 0.763, P = 0.45; SI Appendix, 4.2). To summarize, the pharmacological results indicated that PKA but not PKG is required specifically in the transition to gregarious behavior. Kinase inhibitors may, however, show off-target effects and low in vivo efficacy. We therefore sought to support these conclusions by gene-specific reduction of kinase expression by RNAi. . ii, KT5720 inhibits locust PKA activity in a concentration-dependent manner whereas KT5823 has no effect; lines represent a log-normal fit.
Reduced Expression of FOR Does Not Affect Gregarious Behavior. We identified a 1,392-bp contig of the for gene orthologue (36) in an S. gregaria CNS GenBank Expressed Sequence Tags (EST) database (13) and used it as a template to generate a 271-bp dsRNA construct (SI Appendix, Fig. S2 ). To characterize the effect of this construct on for mRNA expression, gregarious locusts were systemically injected with 0, 0. To quantify the RNAi effect on FOR protein expression, we probed Western blots of CNS with an antibody against the conserved C-terminal sequence of human PKG 1α (SI Appendix, Fig. S2, blue) . The blots showed four distinct bands in the expected molecular mass range (40): a double band at 73/77 kDa, and single bands at 107 kDa and 97 kDa ( Fig. 2A ). An intense 37-kDa band and a number of faint bands were also present. Three days after injecting 5 μg for dsRNA, the intensity of the 73-/77-kDa double band was reduced by 58.1% (95% CI = 43.7-68.8; n = 5 dsRNA, n = 5 control; t 8 = −6.783 on logtransformed values, P = 0.00014). The other bands probably represent products of genes other than for that cross-reacted with the antibody.
To assess the effect of reduced FOR expression on the transition to gregarious behavior, we injected solitarious locusts with 5 μg for dsRNA (n = 18) or a vehicle control (n = 18) and, 3 d later, we assayed their behavior before and after 2 h of crowding ( Fig. 2B and SI Appendix, Fig. S1C ). Crowding greatly increased the propensity for gregarious behavior in both dsRNA-treated and control-treated locusts (effect of crowding, LR 1 = 62.2, P < 0.0001; SI Appendix, 4.4). Both groups were equally solitarious before crowding (t = 0.393, P = 0.697), and there was no evidence that the dsRNA treatment modulated the degree of gregariousness achieved on crowding (crowding-treatment interaction, LR 1 = 0.665, P = 0.415; before crowding, Pg reg = 0.0651 vs. Pg reg = 0.0217 for dsRNA vs. control; after crowding, Pg reg = 0.911 vs. Pg reg = 0.791 for dsRNA vs. control). Also, injection of for dsRNA into long-term gregarious locusts had no significant effect on their strong propensity for gregarious behavior ( Fig. 2C and SI Appendix, Fig. S1C ), suggesting that the behavioral phenotype does not depend on FOR expression (t 28 = −0.879, P = 0.387; Pg reg = 0.972 vs. Pg reg = 0.985 for dsRNA vs. control, n = 15 each). This is consistent with our finding earlier that injection of KT5823 does not affect the behavioral phase state of long-term gregarious locusts.
Reduction in PKA C1 Subunit Expression Correlates with Reduced
Gregarious Behavior. In fruit flies and honeybees, the catalytic C1 subunit of PKA (PKAC1) is critically involved in associative memory formation (21, 41, 42) . We cloned a 347-bp cDNA fragment of the S. gregaria pkac1 gene and used it as a template to generate a 203-bp dsRNA construct (SI Appendix, Fig. S4 ). Systemic injections of this dsRNA into gregarious locusts caused a dose-and time-dependent reduction of pkac1 mRNA in brain and thoracic ganglia (dose-time interaction, LR 6 = 33.7, P < 0.001; SI Appendix, 4.5 and Fig. S5) . The decrease reached a maximum after 3 d, recovered slightly after 10 d, and was marginally more pronounced in the thoracic ganglia. Three days after injecting 5 μg dsRNA, pkac1 mRNA expression was reduced by 94% (95% CI = 91.3-95.7) in the brain, and by 95% (95% CI = 92.8-96.4) in the thoracic ganglia, compared with control-injected locusts across all days.
Western blots of brain extracts probed with an antiserum against Drosophila melanogaster PKAC1 protein (anti-DC0) (43) showed a single intense band at 40 kDa (Fig. 3A) , matching the apparent molecular weight in D. melanogaster (41) . This band was slightly weaker 2 d after dsRNA injection. The high specificity of anti-DC0 in locust brain permitted immuno-dot blotting to quantify PKAC1 from six spots per brain for increased accuracy (Fig. 3B) . Unlike Western blotting, this technique can readily be scaled up to larger sample sizes. After 2 d, the brains of dsRNA-injected locusts contained significantly less PKAC1 (n = 15 dsRNA, n = 15 control; P = 0.0001; SI Appendix, 4.6), but the mean reduction was only 15.9% and highly variable (SD, 15.3%). We therefore sought to achieve a stronger reduction in PKAC1 protein by extending the time after dsRNA injection from 2 d to 5 d (n = 19 dsRNA, n = 17 control). Each locust was then observed three times in the arena: before crowding and after 1 and 4 h of crowding. Immediately after the last observation, the brains were dissected out to quantify PKAC1 (Fig.  3B) . The average reduction in dsRNA-vs. control-injected locusts was indeed significantly stronger than 2 d after injection (P = 0.0072; no significant change in controls over time, P = 0.13), but still relatively moderate and with considerable variability (mean, −30%; SD, 11.8%). However, quantification of behavioral phase state and brain PKAC1 expression in the same animals permitted us to directly relate the two. We contrasted the behavior of locusts that had low PKAC1 expression (i.e., lower than the median) with locusts in which expression was high ( Fig.  3C and SI Appendix, Fig. S1D ). This revealed that, although all locusts became increasingly gregarious during the 4 h of crowding (LR 2 = 66.31, P < 0.0001; SI Appendix, 4.7), locusts with low PKAC1 expression were significantly less likely to behave gregariously throughout the experiment (LR 1 = 9.048, P = 0.0026): they behaved more solitariously during their first encounter with conspecifics (Pg reg = 0.00602 vs. Pg reg = 0.0618 for low vs. high PKAC1 expression), and after crowding for 1 h (Pg reg = 0.398 vs. Pg reg = 0.779) and 4 h (Pg reg = 0.393 vs. Pg reg = 0.929).
RNAi Knockdown of Regulatory R1 Subunit Promotes Gregarization.
Inactive PKA is a complex of two catalytic C and two inhibitory regulatory R subunits that dissociates upon binding of cAMP to the R subunits to release active C subunits. Degradation of the R subunits can then result in sustained PKA activity that outlasts the cAMP signal (44) . RNAi against PKAR1A has recently been found to increase basal and stimulated PKA activity in HEK293 cells (45) . We reasoned that, if PKA were the effector of a gregarizing 5-HT signal, RNAi against R1 might induce a shift toward increased gregariousness. We identified a 1,009-bp contig of S. gregaria pkar1 in the EST database (13) and used it as a template for a 309-bp dsRNA construct (SI Appendix, gregariously (LR 1 = 10.20, P = 0.0014), both during their first encounter with conspecifics (Pg reg = 0.0187 vs. Pg reg = 0.00293 in dsRNA-treated vs. control) and after crowding (Pg reg = 0.938 vs. Pg reg = 0.775 in dsRNA-treated vs. control).
Discussion
We have found several independent lines of evidence that identify PKA as a major effector of the serotonergic signaling initiated by gregarizing stimuli from other locusts (14) . Injecting solitarious locusts with KT5720 strongly inhibited behavioral gregarization in the face of intense gregarizing stimuli, whereas the chemically closely related KT5823 was ineffective. In honeybees, an inhibition of PKA-dependent long-term memory formation has been reported with comparable doses of KT5720 but not of KT5823 (23) . We used RNAi against pkac1 and pkar1 to independently confirm the involvement of PKA in gregarization. Partial RNAi-induced reductions in PKAC1 protein have previously been found to impair long-term memory formation in honeybees (42) . We observed an RNAi-mediated reduction of 94% in pkac1 mRNA, but PKAC1 protein was reduced on average by only 30% after 5 d, suggesting that the turnover of PKAC1 is slow. The size of the behavioral effect was also less dramatic than in the pharmacological experiments. Nevertheless, low PKAC1 expression in the brain was significantly associated with a reduced propensity for gregarious behavior when locusts were crowded. A critical role for PKA in gregarization is further supported by the more rapid shift in behavior that we observed in locusts treated with dsRNA against pkar1 and subjected to a brief crowding experience. Increased gregarization after RNAi against pkar1 derives from the inhibitory function of R subunits in regulating catalytic activity. In the absence of cAMP, C and R subunits assemble into inactive R 2 C 2 complexes; active C subunits are released upon binding of cAMP to R. In this equilibrium reaction, a decreased R:C ratio leads to the release of more catalytic activity for a given concentration of cAMP (46), as recently demonstrated by RNAi against PKAR1A in HEK293 cells (45) . In Aplysia neurons, 5-HT induces cleavage of the R1 subunit but not the R2 subunit (47) . A reduction in PKAR1 would thus potentiate the effect of any 5-HT released in response to gregarizing sensory stimuli, resulting in the increased gregariousness we observed. The combined evidence from pharmacological and RNAi interventions indicates that activation of PKA has a substantial role in driving the transition to the gregarious behavioral state. This should not necessarily imply that PKA is the only effector active at this stage of phase change; studies of the molecular mechanisms underlying learning implicate parallel activation of other signaling systems including PKC and/or calcium/calmodulindependent kinase II in conjunction with PKA (48) (49) (50) . Injecting KT5720 into long-term gregarious locusts did not cause them to behave solitariously, indicating that gregarious behavior, when it has been consolidated through prolonged crowding, does not depend on PKA activity. That newly acquired and fully consolidated gregarious behaviors are mechanistically distinct also tallies with the finding that 5-HT is elevated only transiently, during the first few hours of crowding (16) , and therefore cannot maintain gregariousness in the longer term. Activation of PKA may thus provide the link between a transient 5-HT signal and a later phase of consolidation that entails changes in gene expression (11, 13) . However, previous studies have demonstrated that, after as much as 24 h of crowding, the newly acquired gregarious state is rapidly lost upon reisolation (51), suggesting a prolonged period after 5-HT levels have decreased during which gregarization is still realized through labile modifications of neuronal properties. PKA may contribute directly to this labile stage through phosphorylation of synaptic proteins or ion channels.
We obtained no positive evidence for an involvement of for in the transition to, or manifestation of, gregarious behavior in the arena. KT5823, an inhibitor of PKG previously used in S. gregaria (36, 52) , did not significantly affect behavioral phase state after acute crowding, nor did it cause long-term gregarious locusts to behave less gregariously. Injection of dsRNA against for was likewise ineffective despite causing a 60% reduction in FOR protein expression in the CNS. By comparison, the behavioral differences between rovers and sitters in Drosophila arise from only a minor difference in for expression (53) . We conclude that the pleiotropy of for does not extend to a modulation of behavioral phase state in S. gregaria. The previously reported higher PKG activity in the brains of gregarious desert locusts (36) may therefore be related to other biologically relevant differences between phases, including differences in foraging and nutritional regulation (54, 55) . Our data do not preclude that PKG is involved in phase transitions in locust species other than S. gregaria, although the recent study implying dopamine and 5-HT in phase change in L. migratoria (12) is suggestive of a role for PKA in this species as well.
Half a century ago, Ellis (56, 57) wrote that "locusts learn to aggregate socially." Learning, if defined as experience-driven behavioral change, is indeed synonymous with phenotypic plasticity of behavior (2, 58) . Our finding of a critical role for PKA shows that behavioral gregarization and classical forms of learning have coopted overlapping mechanisms from a conserved molecular toolbox for the transduction of environmental stimuli, in this case sensory cues from conspecifics, into phenotypic responses (15) . Phase change in locusts, subordinate behavior following defeat (59, 60) , and clinical depression in humans (61) are all manifestations of a fundamental capacity for behavioral remodeling in response to social experience in which biogenic amines and altered PKA signaling have been strongly implicated. They encompass changes in the individual's interaction with the environment, including its social domain; this altered interaction in turn feeds back through the social environment onto the individual to reinforce the new behavioral state (62) . In locusts, the need for resources such as food outweighs the aversion solitarious locusts have for each other, exposing them to social cues from other locusts. This sets up just such a positive feedback loop whereby the initial behavioral change ensures that newly gregarized locusts will continue to be bombarded by stimuli from other locusts, reinforcing and driving on further phenotypic change. Our identification of a central role for PKA in this process shows that the similarities between phase change and other socially induced transitions between behavioral states extend beyond the phenotypic level to the cooption of common molecular mechanisms. Nevertheless, downstream components of PKA signaling in locusts may have sufficiently distinct genetic sequences and protein structures to present targets for new, locust-specific control strategies that interfere with the transition to swarming behavior.
Methods
Animals. Desert locusts (S. gregaria) were obtained from laboratory colonies at the University of Cambridge and the University of Leuven. The effects of dsRNA treatment on mRNA expression were characterized in both strains, and the effects on protein expression in the Cambridge strain. All behavioral experiments were performed on final instar nymphs of Cambridge stock. Gregarious-phase locusts were taken from a colony that had been maintained under crowded conditions for many generations. Solitarious-phase locusts were generated from this gregarious stock by isolation for two to three generations (37) .
Behavioral Assay. Locusts were recorded for 500 s on digital video and their behavior tracked from playback in manual event recording software (37) by an independent observer. Behavioral phase state was determined in an established binary logistic regression model (14) that includes four behavioral characters: the time a locust spent near the stimulus group, the frequency with which it groomed, the speed at which it walked, and the time it spent motionless. The model was defined by using data from 100 gregarious-phase and 120 solitarious-phase locusts (SI Appendix, 4.1), and correctly classified 91% and 89% of the solitarious and gregarious model populations, respectively. Treatment effects on the behavioral state of experimental locusts were analyzed by fitting linear models to the log-odds of gregariousness (i.e., logits of P greg ) predicted by the logistic regression model. Repeated observations were analyzed in linear mixed-effect models (R software package nlme).
Behavioral Pharmacology. KT5720 and KT5823 (Tocris Bioscience) were dissolved in DMSO as 2-mM stock solutions. Working solutions were prepared by diluting the stocks 1:20 in physiological saline solution, yielding 100 μM inhibitor and 5% DMSO. Locusts were injected with 15 μL·g −1 body weight of drug solution (1.5 μmol·kg −1 drug) or 5% DMSO in saline solution (control).
Solitarious locusts were then returned to their individual cages for 30 min before crowding them for 1 h with 30 long-term gregarious final instar nymphs. Long-term gregarious locusts were returned to a crowded cage immediately after injection and observed 1.5 h later.
PKA Inhibition Assay. The effect of KT5720 and KT5823 on the activity of PKA in locust brain homogenates was measured by using phosphatase inhibitor-1 (I1; LAE Biotech International) as an exogenous substrate (63) . Phosphorylation of I1 was detected with antibody sc-14267R (Santa Cruz Biotechnology) against the PKA substrate site of human I1 phosphorylated at threonine residue 35. The assay was adapted from an established radioassay for PKA activity in insect brain (63) and is described in SI Appendix.
Sequences of for, pkac1, and pkar1. Partial cDNA sequences of for and pkar1 were identified in an EST database of S. gregaria CNS (13) . The partial cDNA sequence of pkac1 was obtained by PCR amplification with degenerate primers and subsequent cloning as described in SI Appendix. The sequences have been submitted to GenBank (for, accession no. HM363020; pkac1, accession no. HM363018; pkar1, accession no. HM363019).
Generation of dsRNA. dsRNAs were generated from the cDNA of the target genes using the Ambion MEGAscript RNAi Kit (Applied Biosystems/Ambion) as recommended by the manufacturer. In short, two successive PCR reactions (primer sequences are provided in SI Appendix, Table S1 ) were used to amplify a region within the cDNA (SI Appendix, Figs. S2, S4, and S6, red) and to ligate KspAI restriction sites to the 3′ ends of both the sense and the antisense strand, which later served as transcription termination sites for the RNA polymerase. The cDNA fragment was inserted into a TOPO4 vector with a T7 promoter site (Invitrogen). The vector was multiplied in TOP10 Escherichia coli cells (Invitrogen), isolated (GenElute HP Plasmid Miniprep Kit; Sigma-Aldrich), and sequenced on an ABI Prism 3130 Genetic Analyzer (Applied Biosystems) according to the protocol recommended by the manufacturer to confirm the identity and correct orientation of the insert. This vector served as a template to transcribe, in vitro, two cRNA strands that were hybridized to form dsRNA. DNA and single-stranded RNA were removed by nuclease digestion, and proteins and mono/oligonucleotides by solid-phase adsorption purification.
Quantification of mRNA Expression. Total RNA was extracted by using the RNAqueous Micro Kit (Ambion), which includes a DNase treatment to eliminate genomic DNA contamination. Gene-specific mRNA transcripts were quantified by quantitative real-time RT-PCR relative to two reference gene transcripts, β-actin and GAPDH (primer sequences shown in SI Appendix, Table S2 ), as described in SI Appendix.
Western Blotting. CNS extracts were reduced and denatured, electrophoresed on NuPAGE Bis-Tris minigels (Invitrogen), and transferred to PVDF membrane. FOR was detected with antibody KAP-PK005 (Stressgen) against the C-terminal sequence of human PKG 1α (antigen shown in blue in SI Appendix, Fig. S2 ). PKAC1 was detected with antibody DC0 against the orthologue in D. melanogaster (43) . The detailed protocols are given in SI Appendix.
Quantification of PKAC1 Protein by Immuno-Dot Blot. Amersham Hybond-P PVDF membrane (0.45-μm pore size; GE Healthcare Bio-Sciences) was wet in methanol and floated on Tris-buffered saline (TBS) solution. Protein extracts from individual brains (SI Appendix) were diluted to 0.2 g·L −1 protein in TBS solution, and 10-μL droplets were spotted on the membrane in a grid pattern at random row and column positions. Each extract was spotted twice per membrane on three membranes, for a total of six replicates. After 1 h, the TBS solution was aspirated from the trays. The membranes were kept in a damp chamber overnight at 2°C, air-dried, and then probed with antibody DC0 in the same way as Western blots. Chemiluminescence was captured on a Kodak IS4000R digital image station and quantified in Carestream Molecular Imaging software (Carestream Health). Best linear unbiased predictors of PKAC1 expression in individual brains were calculated by fitting a random-effect model to the six spot intensities per locust (R package lme4; SI Appendix, 4.6). To test whether dsRNA treatment and the time since the injection affected PKAC1 expression, the model was extended with treatment and time as fixed effects. Contrast estimates and associated P values were obtained by Markov-chain Monte Carlo estimation (R package languageR, version 1.0).
Statistical Analyses. All statistical analyses were performed in R, version 2.11.1, as detailed in SI Appendix.
